The detailed structure and dynamics of the chromatin fibre and their relation to gene regulation represent important open biological questions. Recent advances in single-molecule force spectroscopy experiments have addressed these questions by directly measuring the forces that stabilize and alter the folded states of chromatin, and by investigating the mechanisms of fibre unfolding. We present examples that demonstrate how complementary modelling approaches have helped not only to interpret the experimental findings, but also to advance our knowledge of force-induced events such as unfolding of chromatin with dynamically bound linker histones and nucleosome unwrapping.
Insights into chromatin fibre structure by in vitro and in silico single-molecule stretching experiments Introduction
The application of single-molecule manipulation techniques has advanced our knowledge of the functions of various biomolecules, including DNA [1] [2] [3] and RNA [4] , proteins [5] [6] [7] [8] [9] , viruses [10] and nucleoprotein systems [11] [12] [13] [14] . Such pulling experiments of individual molecules by atomic force microscopy, optical tweezers and magnetic tweezers can directly measure the forces involved in biomolecular processes and emulate in vivo events by applying forces with sub-piconewton accuracy and nanometre resolution.
Interpretation of the resulting force-extension curves is challenging, and has motivated the simultaneous development of complementary in silico (computational) approaches that can propose atomic views, as well as mechanistic, kinetic and thermodynamic information not readily accessible from the experiments alone [15] . Collaborative efforts between theory and experiment have proven useful to make mechanistic links to these measurements.
For example, in vitro and in silico single-molecule studies have generated folding/unfolding pathways of many proteins and their corresponding energy landscapes [6] [7] [8] [9] 16] , measured binding forces in ligand-receptor complexes [5, 17] , analysed the stretching and twisting properties of DNA [1] [2] [3] 18, 19] , determined the forces needed to induce unfolding/refolding of RNAs [3, 20] , identified the forces that prevent DNA condensation in multivalent ionic environments [21] , measured the replication rate of a stretched single strand of DNA by a DNA polymerase at various pulling forces [12] , and described secondary-and tertiary-structure formation as well as ligand binding of a riboswitch system [14] . Single-molecule studies of nucleic acids and protein folding are reviewed in [22, 23] and [24] respectively.
Single-molecule studies have also been applied to the chromatin fibre in search of answers to fundamental questions: what is the detailed organization of the DNA material inside eukaryotic cells? How does the chromatin structure relate to gene regulation? In the present article, we review this extraordinary progress in force spectroscopy studies of single chromatin fibres, from both experimental and modelling perspectives, highlighting how single-molecule techniques have contributed to our understanding of chromatin structure and its fluctuations. We present recent modelling studies that have explored the effects of the dynamic binding behaviour of LHs (linker histones) and of nucleosome unwrapping.
The chromatin structural puzzle
The DNA inside the eukaryotic cell is packed along with proteins in a hierarchy of structures [25] (Figure 1 ). The unit of chromatin is the nucleosome: 147 bp of DNA making ∼1.7 turns around a histone protein octamer (two copies each of H2A, H2B, H3 and H4) [26, 27] . Nucleosomes are joined together by DNA linker segments. An additional protein, LH, H1 or H5, can bind dynamically at the DNA entry/ exit nucleosome region [28, 29] . At low salt concentration, this nucleoprotein polymer exists in a loose arrangement known as beads-on-a-string. In the presence of LH and physiological salt concentration, where cations and positively charged LH residues screen the strong electrostatic repulsion of the DNA, the chain of nucleosomes can fold into a compact and ordered 30-nm chromatin fibre, although the existence of this longassumed state has been questioned [30,31,31a] .
The organization of the DNA into chromatin serves two antagonistic biological functions. Whereas condensation allows the metres-long genome to be packed inside micrometre-sized nuclei, it also obscures access to the DNA by the cellular machinery involved in the regulation of DNA transcription, replication and repair. Understanding the structure and dynamics of chromatin is thus essential to fully comprehend these fundamental template-directed processes.
Among the models proposed for the 30-nm fibre are the zigzag or two-start structure [32] , in which consecutive nucleosomes criss-cross the fibre axis and are connected by straight DNA linkers, and the solenoid or one-start helix [33] , in which immediate nucleosome neighbours lie next to each other connected by highly bent DNA linkers. Many variants and extensions of these models exist, including interdigitated solenoid [34, 35] , three-start helix [36] , superbead [37] and heteromorphic [38] models. Experimental and modelling techniques have identified several key factors that modify the structure of the chromatin fibre and favour one model over another. These factors include the length of the DNA linker segments [measured in terms of the NRL (nucleosome repeat length), the 147 bp of DNA wrapped around the histone octamer plus the length of the DNA linker connecting adjacent nucleosomes], the binding of LHs, the monovalent salt concentration and the presence of divalent ions (for a recent review, see [25] ). In fact, EM (electron microscopy)-assisted nucleosome interaction capture experiments combined with mesoscale modelling suggested that divalent ions promote some DNA-linker bending and trigger a more variable heteromorphic chromatin organization that combines features of the zigzag and solenoid models [38] . Such heteromorphic fibres have gained popularity recently based on a variety of experimental and computational techniques [25] . See also [39] for an excellent review.
Force spectroscopy experiments of single chromatin fibres
Single chromatin force spectroscopy techniques provide novel structural information to explore further these intriguing questions (see comprehensive reviews in [40] and [41] ). A mechanical deformation of individual chromatin fibres is achieved by fixing the position of one of its ends, while stretching or twisting the other end at a constant force or up to a fixed position; the ends of the chromatin fibre are normally defined as those of long flanking DNA segments attached to the fibre's termini, or as the first and last nucleosomes. These techniques have been applied to examine the forces needed to disrupt the chromatin folded state and analyse the fibre's behaviour under tension. The pulling forces used, typically up to 40 pN, imitate those applied by molecular machines under in vivo conditions, such as DNA and RNA polymerase that exert forces of up to 35 pN [42] .
The folded state of the chromatin fibre is mainly stabilized by electrostatic interactions. Indeed, relatively high ionic concentrations (above ∼0.10 M NaCl) to shield the strong DNA-linker-DNA-linker electrostatic repulsion are needed to stabilize the 30-nm fibre [43] . Under such conditions, the nucleosome surface, which is highly contoured and has an irregular charge distribution, induces fibre folding by engaging in favourable electrostatic interactions with other nucleosomes and the DNA [26] . Fibre folding is also encouraged by the ten highly positive histone tails (the N-terminal tails from each histone plus the C-terminal tails of H2A) that emanate from the nucleosome surface and contact different chromatin components [27, 44, 45] . Forcespectroscopy experiments can measure how the applied forces gradually overtake these stabilizing interactions and produce fibre extension. The analysis can later reveal intermediate structural transitions that occur along the fibre's unfolding pathway, which in turn provide clues into the force-free compact state.
In 2000, the Bustamante group used optical tweezers to successfully stretch a single chromatin fibre and shed light on to its elastic and unfolding behaviour [11] . They observed that the force-extension curve of medium-NRL chromatin (NRL = 210 bp, with one LH per nucleosome core) at physiological monovalent salt (0.15 M NaCl without divalent ions) exhibits different elastic behaviour as the force value changes: below 6 pN, the fibre stretched reversibly without histone dissociation; and between 4 and 6 pN, the force-extension curve exhibited a plateau where a small force increase produced significant fibre extension. From these measurements, they concluded that chromatin unfolds by adopting an opened beads-on-astring conformation with all internucleosome contacts lost, but no unwrapped nucleosomes. Later, separate modelling studies confirmed that a plateau is observed during unfolding of fibres in which all nucleosomes remain intact [46] [47] [48] . Using a low-resolution model with nucleosomes depicted as ellipsoids interacting through a variant of the Gay-Berne potential, the Schiessel group proposed that the plateau in [11] could be due to fibre straightening before unfolding: from a hairpin-like sharply bent fibre conformation at 0 pN to a straight fibre at 2 pN [48] .
In a follow-up computational analysis, the Bustamante and Olson groups used Monte Carlo simulations of a lowresolution coarse-grained chromatin model to show that an internucleosome interaction energy of ∼3 k B T, estimated from the experiment, provides support for an irregular zigzag architecture for medium-NRL chromatin [49] . Our independent mesoscale modelling (discussed in more detail below) reveals further that the internucleosome interaction energy is highly sensitive to the NRL and, in the case of medium-NRL fibres, also to the ratio of LHs bound to each nucleosome core, the LH-core binding affinity, and the presence/absence of Mg 2 + ions in solution [46, 47] ; this conclusion is consistent with the significant compaction effect of LH and divalent ions in medium-NRL fibres.
Figure 2 presents our simulated force-extension curves that show the dependence of unfolding on NRL and LH presence/binding mode [46, 47] . Figure 2 (B) compares behaviour when no LHs are present, when LHs are fixed and when they bind/unbind dynamically. In addition, for medium-NRL fibres with dynamic LH, we show simulation snapshots illustrating the unfolding mechanism, and the fraction of configurations that the different histone tails mediate intrafibre interactions as a function of the pulling force ( Figures 2C and 2D) . These results reveal a strong effect of the NRL and the binding of LHs on the stiffness and unfolding behaviour of chromatin under force. See the next section for further discussion of these results.
The van Noort group also reported stretching data for single chromatin fibres with two different NRLs: 167 bp and 197 bp at physiological salt with Mg 2 + ions [13] . In agreement with the Cui and Bustamante study [11] , they observed full fibre unfolding at low forces (<6 pN), and no indication of DNA unwrapping from the nucleosome in this regime. Our modelling reveals that, during unfolding, medium-NRL chromatin with LHs and Mg 2 + ions adopts an irregular superbeads-on-a-string structure, which combines compact zigzag clusters with fully stretched fibre regions [47] (Figures 2B and 2C , and see discussion below). In contrast with [11] , van Noort and colleagues proposed that, whereas the short-NRL curve is consistent with a zigzag organization, the profile of the medium-NRL array supports a solenoid topology stabilized by an internucleosome energy four times higher (∼14 k B T) [13] . The solenoid deduction was drawn from the force-extension curve having a constant slope up to a length that corresponds to a single stack of perpendicular nucleosomes, combined with the hypothesis that a zigzag fibre would preserve a constant slope only up to the shorter length of a two-stack structure. However, our recent modelling [46, 47] (Figures 2B and 2C ) demonstrated that zigzag fibres conserve the force-extension slope past the two-stack size limit, thus the length argument in [13] is not sufficient to rule out a zigzag organization. Note from Figure 2 that the force-extension slope for chromatin with dynamic LHs (green curve) is preserved from the initiation of fibre opening at 6 pN up to full fibre unfolding at 20 pN.
The van Noort group experiments also demonstrated that short-NRL fibres (167 bp) are stiffer than medium-NRL arrays (197 bp) [13] ; separate modelling supports this observation [46, [50] [51] [52] (Figure 2A ). Our simulations clarify further that short DNA linkers stiffen the fibre due to hampered reorganization of the unfolding conformations and induce a regular 'accordion-like' unfolding mechanism in which most of the DNA is exposed simultaneously to the transcription and replication machinery [46] . The van Noort experiment also showed that binding of LHs, well known for triggering fibre-folding and enhancing compaction, does not change the stiffness of medium-NRL fibres. As we describe below, modelling provides a possible explanation for this intriguing experimental observation [46, 47] .
Other experiments by the Bustamante and van Noort groups have revealed that, in isolated nucleosomes, unwrapping of nucleosomal DNA can occur at forces as low as ∼3 pN [53, 54] . However, pulling experiments of compact chromatin fibres at physiological conditions (high monovalent salt with LH-like proteins or with Mg 2 + ions) by the Wang and Bennink groups have confirmed that internucleosome interactions stabilize the nucleosome structure and prevent its disruption, raising the forces required for unwrapping more than five times (i.e. to ∼15-40 pN) [55, 56] . Low-resolution [46] . The force-extension curves reveal that longer linker DNAs soften the response of chromatin to stretching. The simulation snapshots show the DNA in red, alternating nucleosomes in white and blue, and LHs in cyan. For the short-NRL system, the snapshots correspond to characteristic equilibrium conformations at 0 and 8 pN respectively, and illustrate how such fibres open in a regular 'accordion-like' manner that exposes all of their DNA material simultaneously. The snapshots for the medium-NRL system correspond to 0 and 2 pN, and show an irregular unfolding mechanism. (B) Force-extension curves of medium-NRL 24-core oligonucleosomes simulated at room temperature and physiological concentration of monovalent ions (0.15 M NaCl). All fibres were simulated with Mg 2 + ions, except in the case without LHs, where our model needs refinement. Fibres with fixed LHs (red curve; i.e. LHs permanently attached to their cores) are extremely stiff when compared with fibres without LH (blue curve, same as that in A), and that when the dynamic binding behaviour of LH is considered (LH dynamic; green curve) a dramatic softening effect that makes more similar the forces needed to unfold chromatin with and without LH is observed [47] . The shaded regions in yellow, cyan, pink and purple correspond to force ranges in which the fibre with LH (dynamic) adopts different types of conformations (as detailed coarse-grained modelling by Kepper et al. [50] [53, 55] , as well as independent high-resolution coarse-grained modelling of single nucleosomes by the Langowski group [57] , converge in suggesting that DNA unwrapping occurs in two stages:
(i) initial detachment of the DNA that forms the outer turn (67 bp), and (ii) dissociation of the inner DNA turn (80 bp) at higher forces. Remarkable all-atom explicit-solvent MD (molecular dynamics) simulations of a single nucleosome under tension have been reported recently by Ettig et al. [58] ; atomic views of the unwrapping process were provided, suggesting that the H3 N-terminal tails and H2A C-terminal tails oppose initiation of nucleosome unwrapping, whereas the N-terminal tails of H2A, H2B and H4 oppose the unwrapping at a later stage.
Role of dynamic LH binding in chromatin unfolding
Besides nucleosome unwrapping, LH binding and unbinding also introduces irregularity and mobility into fibre structures. It is known that LHs bind/unbind dynamically [28, 29] , forming complex networks of interactions that might serve to regulate chromatin fibre unfolding and DNA access [46, 47] . This dynamic binding/unbinding disrupts the DNA stems formed via interaction with the LHs. To analyse this idea, we used our mesoscale coarse-grained chromatin model to compare the stretching response of medium-NRL (NRL = 209 bp) chromatin fibres in physiological salt concentrations with permanently bound LH and with LH that bind dynamically with different affinities (both with and without Mg 2 + ions), as well as with no LH (without Mg 2 + ions) [46, 47] .
Coarse-grained modelling is a viable strategy to simulate the complex chromatin fibre system. It reduces the system dimensionality dramatically, while retaining salient chemical and physical information. Our coarse-grained model [38, [43] [44] [45] [46] [47] [59] [60] [61] [62] [63] [64] has been developed and refined over the last 10 years and applied to several important problems. It considers the charged and contoured nucleosome surface, the flexibility of histone tails, the strong DNA negative charge, the DNA/nucleosome mechanics, the binding of LH proteins, and the screening of monovalent and divalent ions in solution.
Our studies reveal that chromatin's unfolding mechanism and stiffness depend strongly on the kinetic characteristics of the LH-core bond and the presence/absence of Mg 2 + ions [46, 47] . In the absence of Mg 2 + ions, fibres without LH (minimum binding affinity) double their resting length at 2 pN ( Figure 2B , blue curve).
Fibres with permanently bound LH (maximum binding affinity) are much stiffer, owing to rigid DNA stem formation, and require a force five times higher to unfold (10 pN); Mg 2 + ions, present under in vivo conditions, further stiffen the fibre, raising this force to 25 pN [47] (Figure 2B , red curve)!
In sharp contrast, when we consider that LHs bind dynamically, as occurs in vivo, we observe that, even in the presence of Mg 2 + ions, unfolding of fibres with LH and without LH actually takes place at comparable forces [47] (Figure 2B , green curve). Dynamic-LH fibres with the highest LH-core binding affinity considered, double their resting length at only 6 pN and are characterized by a stiffness coefficient close to that measured by van Noort and colleagues [13] (i.e. σ = 0.032 pN/nm in our work, compared with σ = 0.025 pN/nm for medium-NRL fibres with LH in their experiments); the stiffness decreases even more as the LH-core binding affinity decreases [47] . Analysis of modelling snapshots shows that this softening is caused by the temporary dissociation of LHs, which destabilize the rigid DNA stems and increase the repulsion among DNA linkers and their bending flexibility [47] .
Our modelling thus demonstrates that dynamic LHs do not stiffen significantly the stretching response of chromatin, and that, in fact, at the right LH-core binding affinity, the stretching responses of fibres with and without LHs can coincide. This modelling result provides an explanation to the surprising experimental observation of the van Noort group that the force-extension curves of fibres with and without LH are equivalent at low forces when Mg 2 + ions are present [13] (Figure 2B ). In addition, the softening due to dynamic instead of fixed LH binding might be crucial to lower the forces needed to initiate fibre unfolding, consistent with those of molecular motors that operate in chromatin.
Our studies also suggest that LH dynamic binding and divalent ion screening are important for chromatin to selectively expose the DNA during unfolding. Exploration of the unfolding snapshots shows that LHs and divalent cations, through their DNA-DNA repulsion screening and DNA-linker bending effects, trigger formation of intermediate superbeads-on-a-string structures ( Figure 2C ). These structures combine extended fibre sections, in which the linker DNA is fully exposed, with compact clumps of nucleosomes, in which the DNA is inaccessible [46, 47] . Superbead structures have been observed experimentally in unfolded chromatin with LHs and with/without Mg 2 + ions [65, 66] .
The roles of the different histone tails in mediating interactions with other chromatin regions change significantly with the pulling force. For fibres with dynamic LHs, we plot in Figure 2 (D) the fraction of configurations that each histone tail (H3, blue; H4, green; H2B, red; H2A1 or H2A N-terminal tail, black; H2A2 or H2A C-terminal tail, orange) interacts with different chromatin components (i.e. the distance between the tail and chromatin component is smaller than the excluded volume distance for tail-component interactions, as defined in [63] ). The tail of H3, because of its length, and the tail of H4, due to its optimal position on the nucleosome surface, are the most important in mediating internucleosome interactions and interactions with nonparental linker DNAs in folded chromatin (yellow region). Although the intensity of those interactions decreases as the pulling force increases, a direct consequence of fibre unfolding, it remains relatively high at the moderate forces at which the superbeads-on-a-string conformations appear (cyan region). Furthermore, modelling suggests that, at high forces, when the distance between nucleosomes becomes too large, the tails engage only in interactions with their parent cores, or with the entering and exiting linker DNA of their parent cores. A detailed analysis of the roles of histone tails in chromatin unfolding is currently ongoing.
In our model, the histone protein octamer, together with the DNA around it, is interpreted as a rigid entity, and thus the effects of nucleosome unwrapping are not considered. This approximation is reasonable under the conditions analysed here (i.e. fibres with LH at high monovalent salt with Mg 2 + ions) because chromatin unfolds while maintaining most nucleosomes intact [11, 13] . However, consideration of nucleosome unwrapping is important when analysing the stretching of chromatin at high forces, under low ionic conditions and/or of fibres with no LH or with low binding affinity LHs. Under such conditions, the destabilization of LH-core bonds is believed to facilitate nucleosome disruption. We expect nucleosome unwrapping to increase the linker DNA length in the unwrapped regions and thus soften the fibre's stretching response [46] .
Conclusion
Our knowledge that many internal and external factors alter the states of folding of the chromatin fibre and affect DNA access, cell-cycle progression and cell-cycle checkpoints suggests an increasingly complex solution to the chromatin structural puzzle. We anticipate that with the continuous refinement of single chromatin techniques and the continuous growth of computational power, as well as improvement of the models, the collaboration between theory and experiment will yield ever more significant advances in our understanding of chromatin structure and dynamics. 
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